ABSTRACT To improve tracking and synchronization control precision of electro-hydraulic shaking tables system, this paper presents a novel adaptive reaching law sliding mode controller (ARLSMC) for double shaking tables system with parameter uncertainty and disturbance. The ARLSMC combined a sliding mode controller based on a novel adaptive reaching law to improve dynamic performance with an adaptive controller to estimate the uncertain parameters online in order to reduce the system chattering. Besides, the proposed ARLSMC is introduced into the cross-coupled controller of double shaking tables. The stability of the control system is analyzed applying Lyapunov theory, and it is proven that both the tracking errors and synchronization error can converge to zero in finite time. The co-simulation model is built using MATLAB/Simulink and Adams for verification of the proposed control strategy. Various simulation tests are performed and simulation results demonstrate that the proposed method has a fast dynamic response performance, high control precision, and strong robustness.
I. INTRODUCTION
Electro-hydraulic shaking table is the most important test equipment for replicating actual earthquake environment, and can be used for the earthquake resistance test in the field of civil and architectural engineering [1] , [2] . For largespan structures, such as bridges, pipelines, etc., more than one shaking tables are needed to perform test simultaneously [3] , [4] . For this, to replicate the desired vibration motion, not only synchronization precision of all shaking tables, but tracking precision for the desired signal should be ensured [5] , [6] . However, due to mass eccentricity of load, cross-coupled characteristic, system nonlinearity, parameter uncertainty and disturbance, the control system generally has a poor tracking and synchronization precision [7] , [8] .
Synchronization control has attracted much attention over the past few decades. The cross-coupled method, which was initially proposed by Koren [9] for CNC manufacturing systems, is widely used in synchronization control of parallel manipulators [10] - [14] . Wu et al. [10] discussed the issue in integral design of CCC for biaxial systems to improve the contour precision. Chen et al. [11] investigated a fuzzy logic controller to achieve the synchronous positioning for a dualcylinder lifting system. Thanana and Thananchai [12] proposed a fuzzy self-tuning PID controller of pneumatic muscle actuator to improve the control performance. Sun [13] proposed an adaptive cross-coupled controller and proved that both position and synchronization errors can asymptotically converge to zero. Lin et al. [14] proposed a cross-coupled functional link radial basis function network synchronous control of a dual-motor system. For these methods, although some efforts have been made to improve the control accuracy, the research on the robustness is insufficient.
Meanwhile, SMC has also been adopted in synchronization control strategy in recent studies, due to its good performance including strong robustness, eminent performance for nonlinearity, fast response and simplicity of implementation [15] - [18] . Chen et al. [19] developed a control strategy for dual-motor system by incorporating a second order SMC, to stabilize speed tracking of each motor while synchronizing their velocity. In [20] , a sliding mode synchronous controller was designed for fixture clamp equipment. However, one drawback of SMC is the large chattering phenomenon, which can degrade the system performance.
Many approaches have been proposed for chattering reduction. Kang and Ju [21] inserted a low pass filter in SMC. Zhan and Zhou [22] developed a cross-coupled scheme based on an adaptive fuzzy SMC for dual-robot motion control. Zhao and Zhu [23] proposed a novel integral SMC synchronous control scheme for robotic manipulators. In [24] , a cross-coupled SMC was proposed for the synchronous control of a dual-motor system, in which a T-S-K-type fuzzy neural network estimator is implemented to estimate uncertainty. Yu et al. [25] proposed a finite-time control scheme for robotic manipulators using a new form of terminal sliding mode to attenuate chattering. These methods reduce chattering at the price of deterioration in system performance. Gao and Hung [26] proposed a SMC based on the reaching law, which can improve the dynamic quality during the reaching phase and reduce the system chattering to some extent. Li et al. [27] and Hu et al. [28] proposed a novel nonsingular terminal SMC based on the power reaching law and the exponential reaching law, respectively. Fallaha et al. [29] proposed a novel SMC on MIMO nonlinear robot arm systems by designing an exponential reaching law, which allows chattering reduction. However, because the coefficients of the reaching law are constant, improvement of reducing chattering is not distinct. This paper presents a novel adaptive SMC based on reaching law (ARLSMC) to improve the system response performance while reducing the system chattering. Based on traditional SMC, the novel ARLSMC combines the adaptive online estimation of system uncertainties and the improved adaptive reaching law. Compared with the traditional SMC, the proposed approach has a stronger robustness to system uncertainty and external disturbances during the whole convergence process and a faster convergence, especially during reaching phase. The novel ARLSMC can be introduced to the cross-coupled control to realize the precise attitude tracking and synchronization control of double shaking tables without chattering, taking system uncertainties and external disturbances into consideration.
The remainder of this paper is organized as follows. Section 2 presents the hydraulic system model and dynamic model of the investigated shaking tables. In Section 3, the ARLSMC controller designed for cross-coupled synchronization control is introduced. Section 4 analyzes the stability of the proposed control scheme. The simulation tests are performed to validate the performance of the designed controller in Section 5, followed by Section 6, which briefly concludes the paper.
II. THE DESCRIPTION OF SHAKING TABLES SYSTEM A. THE INSTRUCTION OF SHAKING TABLES SYSTEM
The research object of this paper is a double shaking tables system, which has two identical electro-hydraulic earthquake simulation shaking tables, as shown in Fig. 1 . Fig. 1(a) is the system composition diagram. The system mainly contains several parts: task management, hydraulic source management, hydraulic source, servo motion controller, signal conditioning, signal acquisition, shaking tables and test specimen. The task management mainly monitors and controls hydraulic source management and motion controller through the RS485 and TCP/IP, respectively. Two servo motion controllers exchange information through the firewire connection to assure real-time control, and the communication protocol is IEEE1394. The control signals from two motion controllers will be processed in the signal conditioning units and then are sent to servo valves in form of input current to control the motion of hydraulic cylinders, which in turn drive the shaking tables to move with desired trajectory. Fig. 1(b) shows the mechanical structure of the shaking tables system, which mainly includes sixteen electrohydraulic servo drive systems, two platforms, four reaction walls, test specimen and foundation. Each electro-hydraulic servo drive system connects the platform using a upper hinge and the reaction wall or foundation using a down hinge, and the two platforms are connected by the specimen. In addition, each electro-hydraulic servo drive system is equipped with a linear variable differential transformer (LVDT) used to measure the displacement of the piston rod, an acceleration sensor and two pressure sensors, which are used to measure the pressures of upper and down cavities of cylinder. The displacement sensor is fixed on the cylinder and the acceleration sensor is fixed on the platform as close as to the piston rod. Fig. 2 is the top view of shaking tables without test specimen. The coordinate is shown in the Fig., a redundant-driven system. The large-span test specimen is fixed on two platforms, which specimen provides synchronous motions to test the anti-seismic performance of the specimen. The main structural parameters are D 1 = 2.547m, D 2 = 1.55m and D 3 = 9.573m, as shown in Fig. 2 . The other parameters will be introduced in the modeling and simulation section later. For convenience, we define the left shaking table in Fig. 2 Meanwhile, we use the subscript j to represent the jth electrohydraulic servo drive system and j = 1, 2, 3 . . . , 16, as is shown in Fig. 2 . First, the hydraulic and dynamic models will be deduced. 
B. THE HYDRAULIC MODEL
The electro-hydraulic servo system of shaking tables in this paper is mainly composed of high performance electrohydraulic servo valve and single rod asymmetric hydraulic cylinder with a single pole outside, as shown in Fig. 3 . The mathematical model is as follow [30] .
The natural frequency of servo valve is much larger than the natural frequency of the hydraulic control system, so the relationship from valve's spool displacement to the input current signal can be simplified as
Where, x jv is the servo valve's spool displacement, u j is the input voltage, k v is amplification coefficient. The load flow supplied by servo valve is a function of spool displacement and load pressure
Where, Q jL is the load flow, P jL is load pressure drop and P L = P 1 − P 2 , K q is the linearized flow coefficient, K c is the linearized flow-pressure coefficient and
Where, C d is the discharge coefficient of cylinder, w is the area gradient of servo valve orifices, P s is the hydraulic supply pressure, and ρ is the fluid density. Taking leakage and compressibility into consideration, the load flow in hydraulic cylinder is
Where, A is the piston area, l j is the displacement of piston, C tc is the total leakage coefficient of cylinder and is comprised of the internal leakage C ip and external leakage C ep defined as C tc = C ip + C ep /2, V t is the total oil volume of two cylinder chambers, β e is the bulk modulus of the fluid. The output force of hydraulic cylinder is
Where, f j is output force of the hydraulic cylinder, B c is the viscosity coefficient of the piston.
C. THE DYNAMIC MOEL
For vibration test, shaking table is mainly used to simulate the earthquake vibration environment, whose motion waveforms are three translations along X, Y and Z axes. Thus, the motion of shaking tables is mainly three translations, and the rotation motions are not necessary. Moreover, the amplitude of the translation displacement is small while the frequency is high. Besides, the mass of the test specimen are generally very big, so the load force of shaking tables mainly behaves as inertia force during motion process. Compared with inertia force, the force caused by the no-synchronization of two shaking tables, the coupling of two shaking tables, system uncertainty and disturbance, etc., is quite small. Thus, for convenience, all of these forces can be seen as the total disturbance force on each shaking table. Consequently, the load force on the system can be divided into equivalent inertia force and disturbance force. Compared with the mass of test specimen and platform, the mass of cylinder and piston is quite small and can be ignored, so the dynamic model of each shaking table can be described as single rigid body dynamics. Furthermore, in order to obtain better symmetrical performance, the shaking table usually equips with the gravity-balanced device to eliminate the influence of the mass of the platform and test specimen, and the centrifugal force and Carioles force has little influence to the system. Thus the dynamic model of each shaking table can be described as [21] 
8688 VOLUME 4, 2016 Where, τ i(6×1) is the drive force vector in DOF space and 
Where, f i(8×1) is the output force of hydraulic cylinders,
is the Jacobian matrix of the ith shaking table, the transfer matrix from the generalized velocity vector in DOF space to the velocity vector in hydraulic cylinder space:
Define the system state variables x i(18×1) as
Combining (1) - (9), the system state equation can be expressed asẋ
Where,
The system uncertainty and disturbance are contained in the parameters a i2 , a i3 , b i and d i . Thus, we define a i2 = a i20 + a i2 , a i3 = a i30 + a i3 and b i = b i0 + b i , where, a i20 , a i30 and b i0 are the nominal system parameters, and a i2 , a i3 and b i are the uncertain parameters. The bound of the uncertain parameters are
, where, α i2 , β i3 , γ bi and ϕ i are positive constants. Then (10) can be written aṡ
According to the models, the tracking and synchronization controllers will be designed in the following section.
III. TRACKING AND SYNCHRONIZATION CONTROL
The purpose of vibration test is to make the test specimen vibrate as the desired motion to simulate earthquake vibration environment. For double shaking tables system, it is necessary to ensure the tracking accuracy of each shaking table and the synchronous precision of two shaking tables simultaneously. However, the mass of test specimen is unevenly distributed, which lead to the load mass on the two shaking tables is different; two shaking tables are connected through the same one specimen, which will cause the cross-coupled influence between two shaking tables during the motion process; the hydraulic system of the shaking tables has the inherent parameter uncertainty and nonlinearity due to many factors such as temperature change of hydraulic oil etc.; the electric system and signal acquisition system have inevitably external signal disturbance.
From the above, the double shaking tables system has the strong cross-coupled characteristic, parameter uncertainty, nonlinearity and disturbance. All of these make the dynamic response performances of the two shaking tables different. As a result, all the factors above-mentioned can influence the tracking and synchronization control precision and using traditional control scheme cannot meet the requirement of high precision. So it is necessary to improve the control precision through advanced robust control. For this, a novel adaptive sliding mode controller based on adaptive reaching law is developed for the tracking and synchronization control of shaking tables.
Note that the electro-hydraulic shaking tables system is an extremely complicated system, so this section will introduce the basic control strategy first. 
A. BASIC CONTROL STRATEGY
As mentioned above, the motion range of shaking tables is small relative to the platform size, so the DOF zero linearity control, which is a mature control method and has been verified by many practical applications successfully, is usually adopted for the shaking table motion control [31] . system simultaneously, are processed by the tracking controller, and then the attitude output control signals from the tracking controller are translated into displacement control signals of hydraulic cylinders using the DOF decomposition matrix J i to drive the platform to move. The total process realizes the DOF close-loop control of shaking tables.
Note that the DOF decomposition matrix J i of the shaking table is the value of J i (q i ) when q i = 0, namely the system zero attitude position point. The DOF synthesis matrix J
To facilitate design and analysis of the controller, this paper replaces the hydraulic cylinder control input signals u ic (t) in (11) with the DOF control input signals u ie (t) as the system control input. Correspondingly, the state equation becomeṡ
, and γ i is positive constant.
From Fig. 4 , it can be seen that the control of the two shaking tables is mutually independent and the tracking and synchronization control precision is assured only through the controller G ic , which is the traditional PID controller.
It's difficult to make the two shaking tables tracking the desired signal synchronously, especially with parameter uncertainty and disturbance. So this paper proposed a novel control strategy to solve the problem. 
B. PROPOSED CONGTROL STRATEGY
To obtain a satisfactory tracking and synchronization control precision of two shaking tables system, this paper proposed a novel adaptive sliding mode controller based on the adaptive reaching law (ARLSMC) to cross-coupled control strategy, and the structure diagram is shown in Fig. 5 . In Fig. 5 , the tracking controller G ic(6×6) is designed based on ARLSMC, and G isc(6×6) is cross-coupled synchronization controller based on ARLSMC. The work principle is similar with the basic control strategy introduced in upper section A. Compared with the basic control strategy, the cross-coupled control is introduced, and the attitude control signal processed by tracking controller is compensated by the synchronization control signal, which is designed by the synchronization controller according to the attitude feedback signal error between two shaking tables. The tracking controller and synchronization controller will be designed in the following sections, respectively.
1) DESIGN OF SLIDING MODE TRACKING CONTROLLER
The attitude tracking error, velocity tracking error and acceleration tracking error of each shaking table can be defined as
Where, q ir is the reference attitude of the shaking table system, and there is q 1r = q 2r = q r . As is mentioned in section A of section II, the shaking table system usually equips with high precise displacement sensors and acceleration sensors. And there is a mature and precise velocity synthetic technique applying acceleration transformer and displacement transformer in shaking table control field. Thus, system state variables are measureable and continuous and can be differentiated because these signals are practical motion trajectory of the platforms.
Design the tracking control sliding mode surface as
Where, λ i(6×6) is diagonal matrix with positive constants, c i1 = λ 2 i and c i2 = 2λ i . Taking the derivative of the sliding mode surface s i(6×1) , and substituting (12) into it, this yieldṡ
Using the exponential reaching law to design the control law can not only improve the dynamic quality of the reaching VOLUME 4, 2016 phase of the sliding mode, but also reduce the system chattering by choosing the appropriate reaching law parameters [26] . So this paper applies the sliding mode control based on exponential reaching law. The traditional exponential reaching law isṡ
Where, k 6×6 and β 6×6 are diagonal matrixes with positive constants. This reaching law can be divided into two parts:ṡ i = −ks i is the exponential reaching part, whose solution is s i = s i (0)e −kt , andṡ i = −βsign(s i ) is the constant speed reaching part. For the coefficient matrixes k and β are constant matrixes, the system does not have the ability of adaptive tuning. So for different state variables, the convergence performance cannot reach the optimal effect. To solve this problem, this paper proposes an adaptive variable speed reaching laẇ
Where, c and γ are positive constants, and 0 < γ < 1. The proposed reaching law can tune the reaching speed adaptively according to the distance between the system state variables point and the sliding mode surface. When the system state is far away from the sliding mode surface, s i is quite large and the reaching law can be approximated tȯ s i (t) = −k(1 + c s i 1/γ )s i , which has a far higher speed compared with traditional exponential reaching law and can reduce the reaching time largely. When the system state variables point is close to the sliding mode surface, s i is quite small and the reaching law can be approximated tȯ s i = −β(1 + s i γ /c)sign(s i ), which can reduce the system chattering by increasing the gain γ and decreasing the gain c. When s i is close to zero, the adaptive reaching law degrades into the traditional exponential reaching law. Because the proposed control method shown in equation (17) has the more one element s i γ /csign(s i ) compared with the traditional SMC only with βsign(s i ), so the norm of β can be reduced to a very small value using proposed control method compared with using the traditional SMC, which consequently can reduce the system chattering.
From (15) and (17), the tracking control law of the system can be obtained
Because the uncertainty ρ i is unknown, so the uncertainty can be limited using the following control law
Where, ρ i ≤ θ i . Proof: Consider Lyapunov function
Taking the derivative of V 12 with respect to time to yielḋ Substituting (15) into (21), this yieldṡ
Substituting (19) into (22), it can be obtained thaṫ
Due to −(1+c
can be derived thatV 12 ≤ 0. It indicates that in consideration of system parameter uncertainty and disturbance, the system tracking error can converge to zero asymptotically under the designed control law in (19) , that is, each shaking table can tracking the given reference signal in finite time.
2) DESIGN OF SLIDING MODE SYNCHRONIZATION CONTROLLER
The attitude synchronization error, velocity synchronization error and acceleration synchronization error can be defined as
Design the synchronization control sliding mode surface as (25) Substituting (14) and (24) into (25) , it can be obtained that
The sliding mode synchronization control law is designed
Where, k s(6×6) and β s(6×6) are diagonal matrixes with positive constants. The constant gains ε > 0 and 0 < τ < 1, and
Combining (19) with (27) , the total control law of the ith shaking table can be obtained
C. DESIGN OF ADAPTIVE SLIDING MODE CONTROLLER
Note that although the system uncertainty and disturbance is considered in (28), the value of switch control law may be quite large to assure stability of the control system. However, the large switch may cause the system chattering, which is undesired and may deteriorate the system performance. To solve this problem, an adaptive control method is introduced to estimate the uncertain system parameters online in this paper. And the adaptive control method is combined with the novel sliding mode controller proposed in section B to form an ARLSMC. As is expressed in (12), the system uncertainty ρ i (t) will be bounded by the following function according to the references [32] - [34] 
Taking the derivative of the estimation errors with respect to time, then it yieldsḃ
The adaptive laws of the uncertainty are designed aṡ
Where, µ i0 , µ i1 , µ i2 , µ i3 and µ i4 are positive constants. The switch control law for the system uncertainty is
Substituting (33) into (19) to replace θ i sign(s i ), adaptive tracking control law of the ith shaking table is given as
Correspondingly, the new total control law of the ith shaking table becomes
Where, u ie is expressed by (34) and not by (19) . Note that the control input u ie of system in (15) becomes u i , and the boundary condition of β s in (27) becomes
From (35), it can be seen that the switch control gains in both tracking controller and synchronization controller are adaptively tuned online according to the system state variables, which will eliminate the chattering when the system reaches the steady state. Next, we will analyze this method's stability.
IV. STABILITY ANALYSIS
To verify the stability of the proposed control strategy in this paper, consider Lyapunov function
and
Taking the derivative of (36) with respect to time, it can be obtained thatV
Substituting (34) and (35) into (15), it yieldṡ
Substituting (38) intoV 1 , it yeildṡ
Substituting (31) and (32) intoV 2 , this yieldṡ
From (39) and (40), it can be derived aṡ
Substituting (29) into (41), it yieldṡ
when there isn't the synchronization controller, namely, u ise = 0, it can be derived thatV 1 +V 2 ≤ 0, which demonstrates that the control system is stable using the proposed control law expressed in (34) and the tracking error can converge to zero in finite time.
Substituting (26) intoV 3 , it can be obtained thaṫ
Substituting (38) into (43), it yeildṡ
− s 
Substituting (42) and (44) into (37), it can be derived thaṫ 
Because β and k are both diagonal matrixes with positive constant, c > 0 and s 2s = s 1 − s 2 , there is
Substituting (46) 
Substituting (27) into (47), there yieldṡ
Given that s 2s = s 1 − s 2 and s 2s = −s 1s , from (26), (48) 
2 ) s 2s
So from (49), it can be seen that the proposed tracking and synchronization control strategy based on the proposed ARLSMC of two shaking tables is asymptotically stable. Furthermore, considering (14) and (25), it can be derived that lim t→∞ q ie = 0, lim t→∞ q ise = 0, which illustrates that the tracking errors and synchronization error of two shaking tables can both converge to zero in finite time. The convergence speed of tracking and synchronization control is mainly decided by the controller parameters k, β, k s , β s , λ i , γ , c, τ and ε. Next, the simulation tests will be performed to verify proposed methods.
V. SIMULATION RESULTS AND ANALYSIS
To verify the effectiveness of the proposed control scheme, the co-simulation model of shaking tables system is built. The dynamic model of shaking tables and test specimen is built using the software Adams, and the hydraulic model and control model in Fig. 5 are built using the software Matlab/Simulink. And the test specimen is built as a flexible body by the software ANSYS.
In practice, the mass of the specimen is often not evenly distributed due to the possible eccentricity of the specimen mass, which is one of the factors causing the dynamic performance of two shaking tables different. Thus to simulate this condition, the mass eccentricity of specimen in the built simulation model is set. The total mass of the specimen in the model is 13000kg, which is shared by two shaking tables. The mass eccentricity in the simulation model is set VOLUME 4, 2016 to make the equivalent specimen mass of one shaking table be about 10000kg and the other be about 3000kg. Note that in this paper the ''load'' and the ''specimen'' are the same one. The co-simulation model is shown in Fig. 6 and the mechanical dynamic model is shown in Fig. 7 . The simulation step is set 1ms and the main technology parameters are shown in Table 1 .
Note that, so far, there has not any available reference about the synchronous control between shaking tables. There are some references about synchronous control of robot manipulator system and CNC biaxial manufacturing system and the most generally used synchronous controller is the cross-coupled PID controller, and there are some researches applying the SMC to the cross-coupled controller. So to make comparison in this paper, the simulation tests are performed using the general cross-coupled PID synchronous controller, the traditional SMC cross-coupled synchronous controller and the proposed ARLSMC cross-coupled synchronous controller respectively. The simulation results and detailed comparison analysis will been shown in this paper.
Due to the large quantity of the experiments and figures, this paper lists the results of the three types of synchronous controllers as comparison. For the purpose of comparison, various operation conditions such as step signal test and earthquake waveform random signal test with PID controller, traditional SMC and the proposed ARLSMC are simulated, respectively. As explained above, the motions of shaking tables are mainly three translation motions, so simulation test and analysis are also performed in three translation directions in this paper. First, the step tests will be performed.
A. STEP SIGNAL TEST RESULTS
The 1mm step signal test, which is activated at the time 0s and has the 0.1-50Hz random disturbance force with maximum of 40000N added at time 1s-1.3s, is carried out with different controllers mentioned above to test the response performance and robustness to the disturbance force.
Note that the parameters of the three controllers are tuned to the same control criteria (without overshoot of the step response) to compare the other performances of the system. The control parameters of PID controller are selected as 
The displacement response curves, tracking errors and synchronization errors in X direction are shown in Fig. 8-10 . Note that each figure has three sub-figures for PID controller, traditional SMC and the proposed ARLSMC, respectively. Similarly, the simulation results in Y and Z directions are shown in Fig. 11-16 . The detailed performance comparisons of step response time, tracking errors and synchronization errors with various controllers are tabulated in Table 2 -4.
B. EARTHQUAKE WAVEFORM SIGNAL TEST RESULTS
Due to shaking tables test is mainly the earthquake waveform test, which performs the characteristic of randomness, so this section will implement the earthquake waveform random signal test of shaking tables with different controllers same to the step test for practical engineering applications verification. The reference signal is 0.1Hz-8Hz earthquake waveform random signal with the amplitude of ±2mm.
The displacement response curves, tracking errors and synchronization errors in X direction are shown in Fig. 17-19 . Similarly, each figure has three sub-figures for PID controller, Table 5 -7, which count the maximum errors and the root mean square (RMS) errors.
C. RESULTS ANALYSIS
The upper section B built the co-simulation model of two shaking tables system, and various comparison tests are First of all, note that for all the tests, the synchronization error in X direction is smaller than Y and Z directions because the stiffness of test specimen in X direction is very large.
For the step test results, it can be seen that for traditional SMC, the tracking errors and synchronization errors caused by the disturbance force can be reduced simultaneously in all directions compared with PID controller by almost 50 percents from Fig. 8-16 and Table 2 -4. Specifically, the tracking errors are reduced from 0.22mm-0.274mm to 0.14mm-0.156mm and synchronization errors are reduced from 0.28mm-0.32mm to 0.13mm-0.154mm. But there is an obvious chattering of about 0.02mm-0.03mm, as shown in Fig. 10(b), Fig. 13(b) and Fig. 16(b) . This chattering is mainly caused by the disturbance reduction control when using the traditional SMC control and that's what the ARLSMC is proposed to solve. The proposed ARLSMC can not only improve system response performance, but eliminate the system chattering. The method can reduce tracking errors and synchronization errors tremendously to 0.045mm-0.092mm and 0.06mm-0.072mm respectively, which is almost 25 percents of the maximum errors, as shown in Fig. 8-16 and Table 2-4. For the earthquake waveform random signal test results, using traditional SMC, it can be seen that the tracking errors and synchronization errors can be reduced simultaneously in all directions compared with PID controller from Fig. 17-25 and Table 5 -7. The RMS tracking errors are reduced from 0.378mm-0.646mm to 0.277mm-0.373mm and the RMS synchronization errors are reduced from 0.221mm-0.278mm to 0.019mm-0.025mm, which is the 10 percents of maximum errors. And we can also see that the control precision in Z direction is better than X and Y directions, because the shaking tables have more cylinders in Z direction than X direction and Y direction, which leading to higher system response frequency width and control precision. And there is also chattering using SMC, as is shown in Fig. 18(b) , Fig. 21(b) and Fig. 24(b) , the reason of which is the similar to the step test results. And the tracking errors and synchronization error are reduced to 0.099mm-0.075mm and 0.002mm-0.003mm with the proposed ARLSMC, which means that two shaking tables can track the desired reference earthquake waveform random signal simultaneously with high precision and the system performance is improved obviously.
From all above, results analysis of both the two types of test shows that the proposed control strategy has a better control effect compared with traditional control strategy and can be used to reduce tracking errors and synchronization error of two shaking tables system.
VI. CONCLUSION
This paper investigates attitude tracking and synchronization control of double electro-hydraulic shaking tables. A novel ARLSMC is proposed to improve the system dynamic performance and control precision, which is the SMC method combined with the adaptive online estimation of disturbance and the improved adaptive reaching law. The stability of the proposed control scheme is analyzed using Lyapunov theory, which demonstrates that tracking errors and synchronization error can converge to zero in finite time. The co-simulation model is built using Matlab/Simulink and Adams, and simulation verification is implemented in various operation conditions. The dynamic performance and robustness are compared using PID controller, traditional SMC and proposed ARLSMC through step signal test with random disturbance force. And the tracking errors and synchronization errors are compared using the above three controllers through 0.1Hz-8Hz earthquake waveform random signal test. The test results shows that the proposed ARLSMC has a faster dynamic performance than SMC and can reduce the chattering of SMC. The scheme can reduce tracking errors and synchronization errors of two shaking tables extremely and is more robust for system disturbance than traditional controllers.
In future, the experiment tests should be performed to verify the proposed control strategy and more research should be performed using this method to the generalized system. 
